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THE GRAVIMETRIC GEODESY INVESTIGATION
by

Joseph W, Siry

ABSTRACT

The Gravifﬁetric Geoﬁésy mvéstigétion will utilize altimeter and satellite-
to-gatellite tracking data from GEQS-C, ATS-F, and other spacecraft as ap-
propriate to improve our knowledge of the earth's gravitational field. This in-
vestigation is interrelated with the study of oceanographic phenomena such as
those associated with tides and currents, hence the latter are considered together
with gravitational effects in preparing for the analysis of the data. The ocean-
ographic effects, each of the order of a meter or two in amplitude and with still
smaller uncertainties, will not seriously hamper the initial altimeter gravimetric
studies at the five meter level. Laser and satellite-to-satellnite tracking data,
-;vhen combined with the altimeter results, should provide the basis for such
studies over wide areas of the ocean surface. Iaser and conventional geodetic
tracking data from ISAGEX and succeeding campaigns will provide a valuable

framework for these analyses.

The use of submeter altimeter capabilities together withthe decimeter laser
systems being developed under the NASA Earth Physics Program will open up the
possibility of investigating tides and current meanders in areas such as the

Goddard- Bermuda-Bay of Fundy traingle, for example.
iii
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Satellite-to-satellite tracking between GEOS-C and ATS-F and also between
ATS and the Nimbus, Atmosphere Explorer and SAS~C spacecraft will make pos-
sible advances in the range from half to one order of magnitude in connection
with the spatial resclution of gravitational features. Improvements of the order

of perhaps a factor of two in acceleration resolution will also be locked for.

iv



CONTENTS

I. Itroduction ...... ke e s e s e s e e s et et e . 1

II. Exploitatiox_z of Existing Data in Preparation for Analysis of Altimeter

and Satellite-to-Satellite Tracking Data from GEOS=C .. ........ 3
A, General Considerations. . v+« v v e v v et v v s e v v e uvssoanan. 3
B. .Tesseral Harmonic Coefficients . ... ... .. s b i e e )
C. Zonal Harmonic Coefficients ....... R I I 16
D. GM and the Radiusofthe Earth . ..... ...+ . 16
E. Tracking Station Locations e e 19

HI.TheAn31YSiSOfGEOS-CData...-..-........‘.......--- 23
A, Satellite~to-Satellite Tracking System ........ e e 23

1. The Satellite-to-Satellite Tracking System . ....... ... .., 23
2. GEOS-C Orhit Selection COnSiderations « « . v v v vneun.. . 30
3. Satellite-to-Satellite Tracking Data Requirements . . ..., ... a3

a. Gravimetric Geodesy Analyses. .. ....¢covvvvesvvenn 33

b. Orbit Determination Studies. . . . e e e b b e aaae e 34
B. Altimeter Data ... .... IR I IR UPIP R PR e nse 34
1. Introduction . .... S 34

2. Ocean Surface Altitude and Satellite Position Representation . . 37

a. Theoretical Formulation......... IS I I 37

b. The Organization of the Calculations . ... ... v 00 42

C. The Specification of Physical Features .. ...« et vveveaase. 42
i. The Geoid. ... evnn. .. T
i, TideS . v v cvnnvvnotnnonsansas e e 46



iii. The General Circulation ofthe Oceans. . ... ... .o . e

iv,

CurrentsS. « « « » s v 0 s s« S

. 'I?leGulfStI‘eamMeanderS & 8 & % @ & @ W F B 4w @ P8 F e

Vt Seastate 'Do'ndi.lll'..‘oll.l...l'c".. lllll
vi, Storm Surges . ... 0 r 000 P e e e ar e
vii, Tsunamis . . « e e o v o v v o0 s @ n s s C e e e .

8. The Calibration of the Altimeter. . . . . « s v v s cu v v a s v

a.

b.

Short-Arc Tracking of GEOS-C in the Carribbean Area ...
Long-Arc Tracking of GEOS-C. . . v v v s oo vt n s v s o e

Ocean Surface Altitude Representation and Analysis Using
Altimeter Data ......

d.

b.

Gravimefry .. oo v v eev v s aasovsonasans b r e e e

Tides.----.-.....---.--.-o..u----'....--...

c. A Region for Earth and Ocean Dynamics Studies .. ... ...

ji. Ocean DynamiCs . .+ v c v e v v s v st as s vt saas

a The Gulf Stream Meander Studies. . « « o « & « e e

,BTidalStlldieS.....--......... ------ [ I I ]

iil EarthDynamiCS----...-q-.-- ------ TR

o Gravimetric Fine StTUCtUIre . « « ¢ + o ¢ s s e s o v s + 0 s

3 Polar Motions and Earth's Rotational Rate Variations .

Altimeter Data Requirements. « + « o v e v s v v s v v s e v v e

a'
bl
Cl

d.

Gravitational Field Surveys . « + ¢ c v s v s v vt st s s s e a0 v
Tidal Analyses ..... N cr e
Gulf Stream Studies ...+ ... b ra e e i am et e e

Calibration . . .« o v v v v s e s s 6o s 051 04 e e s e

a1
53

53

56
56
57

57

57
65

67

68
69
69

69

72
73

75

75
75

76

76
76
T
78



Page

IV, A Set of Satellite-to-Satellite Tracking Studies . .. . v oo v v v e v v 78
A.Introduction .......... ey e e e s e 78
B. NIMBUS-E llllll LR BN I B O B .‘C =8 8 &« B & ¢ & & b s E e F S A 86
C.GEOS-C .+ vvvvn.. e e 87
D.SAS-C ..... et s e e s s et e s s e s s e e ersrsesecas . B8
E. The Atmosphere EXplOTers .. ..s v v e veaars . . PR 88
V. Management Congiderations ... e e . c e 95
References . . ... e e et e e e e Ch e r e e a e 97

vii



THE GRAVIMETRIC GRODESY INVESTIGATION

L INTRO_DUCTION
The prinmpal obJectwe‘of ihe Grawmetrm Geodesy InVesngatmn ig to build
upon the achlevements of the Natlonal Geodetic Satellite Program (NGSP) by im-
provmg the knowledge of the earth’s grav1tat1ona1 f1e1d The NGSP goal is to
determine the gravitational field to five parts m a hundred million., It is antici-
pated that it will be reachéd by about 1974. This goal incllu:des, specifically,lthe -
determination of spherical harmonic coefficients of the geopotential through the
fifteenth degree and order with an accuracy such that they contributed no more
than 3 milligals root mean square error to the determination of mean anomalies
- at the Earth's surfice in regions which are 12 degrees-in latitude by 12 degrees -

in longitude. (CIf. Reference 1.)

The first goal of tﬁé -Gravimetric Geodesy Investigation is to utilize the new
types of data to be prov1ded by the alt1meber and the GEOS- C/A TS~ F satellite-
to- Satelhte trackmg system to improve the spat1a1 resolutlon of the graxflty f1eld
representation over large regions of the earth by a factor of two with comparable
or better accuracy, i.e., to determine parameters associated with anomalies in
six degree squares with accuracies corresponding to 1 to 3 milligals. The
longer vange goal 1s to achieve still another factor of two in resolution and an
increase of one to two orders of magnitide in aceuracy over the whole earth,

(Refs. 2-4.)



The objectives of thé investigation will accordingly include the analysis and
evaluation of the altimeter and the satellite-to~satellite tracking systems as
geodetic instruments. One of the primary aspects of the altime't:e:r caliﬁrdfiaﬁ
problem is the determination of the satellite‘positi;c)n, andi .c;ﬁe of the prmcmal
systems which will be used for this purpose‘ is thé sabellite—foﬁafeliite tragl.{ingl: ‘
system. ( Hence the gravimetric investigétion and the satfrallite-to-s'atellité. tré‘cl;:

ing and orbit determination investigation are inter-related.

The actual positions of the sea surfaces are aifected by a number of ocean-
ographic factors including, in addition to the geoid, the tides, the general circu-. -
lation, currents and their meanders, sea-state, winds, storm surges and
tsunamis. Therefore, in order to conduct the gravimetric in_ves_tigationfprqperly,_
it iz necessary to represent these oceanographic effects on the sea surfacez__
heights appropriately. As in the case of the gravitational field, these represen-~
tations will come illlitially from our pre-GEOS inf;orAmé.tic’)n.‘ They w111be imﬁroved
through the analysis of the GEOS-C altirhé.te:r daté.l Thus, fhe grav1metr1c and
oceaﬁographic invastigatioﬁs aré .also inte:rr'elatel-d; This polint"'i‘si dlscussed

further later.

The phase of the gravimetric investigation, per se, to be conducted before -
the launching of GEOS-C will involve the use of the additional satellite tracking. .
data including especially the laser data which will become avajlable in the inter-

vening years. This aspect of the investigation will involve the simultapeous . -



determination of gravimetric quantities and other environmental parameters
which. contribute to the observational residuals. The aimé of this part of the -
investigation will accordingly include the determination of tracking station loca-
tions, quantities such as the Earth's mass and radius, and coefficients repre-
senting atmospheric drag and radiation pressure effects. Consideration is being,
given, toé, to the possibility of equipping other spacecraft with the capability for
satellite-to~satellite tracking through ATS-F. The potential contributions of such

capabilities to the Gravimetric Geodesy Investigation is discussed.

1L EXPLOITATIION OF EXISTING DATA IN PREPARATION FOR THE
ANALYSIS OF ALTIMETER AND SATELLITE—TO—SATELLITE TRACK-
ING DATA FROM GEOS-C

A. '_General Considerationsw

Tﬁé'ﬁasic strategy of the investigation is to derive the greatest beﬁéﬁt from
the altir'ne.te.r and satellite-to-satellite tracking data from GEOS-C by analyzing
it together with all of the related data which can .contribute to the determination
of thé .Eart-h's éravi‘tational field. The determination of the characte;'istics of
the gravitatiéna_l .field will b<e based.upon the existing storeé of geodétie data as
well ;s the édditionai observational material which will become available in time
for use in the analyses of the new types of data to be furnished by GEOS-C. The-
fundamental body of data upon which our current knowledge of the gravitafional
field is based consists of approximately a hundred thousand precisely reduced

optical observations of some two dozen satellites, a substantial number of



Doppler measures, some range and range rate data, the beginnings of a supply

of laser range measurements, as well as the gravimetric and survey results of

classical geodesy. It is anticipated that, by the time the analysis of the new data
types from GEOS-C commences, this store will be enriched through the addition
of considerable numbers of laser observations obtained in programs such as the

ISAGEX campaign, and Earth Physics studies such as the polar motion and UTI

and fault motion experiments

It is contemplated that the interpretation of these collections of data will
involve general determinations of the gravitational field, resonance determina-
tions of geopotential coefficients, and studies involving representations in terms

of mass anomalies.

Recent activity in the field of geopotential analysis at several institutions
including Goddard is indicated in Tables I and II and discussed in referencesl 28
and 29 which include bibliographies. Results of comparisons of some of the geo-
potential models listed in Tables T and II are indicated in Table III and in Figure
1. These findings give some idea of the effective accuracies associated with
some of the models. Improvements obtained by the modeling of resonant terms

are also seen in Table [f1.

The hest published determination of the geopotential which is currently
available is the one included in the Smithsonian Astrophysical Observatory 1969

(I1) Standard Earih (18). This result was obtained through the use ol a general



General Determinations of Geopotential Coefficients

Table I

. Basis

Field Characteristics

Author or Year Reference Satellite Data
Designation Number Other
'Numbe.r of Tracking Systems Information Last term ix} Numl.)e.r of
Satellites Complete Portion| Coefficients
1. NWL 5E-6 1965 1 3 Doppler 7, 6 64
2. APL3.5 1965 2 5 Doppler 8,8 84
3. SAO M-1 1966 3 16 Optical 8, “122
4, Kanla K-8 1966 4 12 Optical, Doppler 7, D 99
5. Kaula C 1966 4 Determinations 7,2
1-4 ‘

6. Rapp 1967 5 16 Optical Gravimetry 14, 14 219
7.. Kohnlein 1967 6 16  |Optical Gravimetry 15, 15 " 250
8. Kaula UCLA | 1967 7 9 Ogptical, Doppler Gravimetry 8,- 8 .

9. Rapp 1968 8 16 Optical Gravimetry 14, 14
10. SAO COSPAR{ 1969 9 24 Optical, Range, Range Rate 14, 14 280
11. SAO Bé&.1 1969 10 24 Optical, Range, Range Rate 18, iﬁ

12. SAO B 13.1 1969 11 24 Optical, Range, Range Rate | Gravimelry 16, 16 314
13. SAO SF 1969 12 24 Optical, Range, Range Rate | Gravimetry _ 16, 16 316
14, GSFC 1,70 C | 1870 13 Determinations 15, 15 249
_ 1-9, 11, i2

15. SAO 69 (II) 1‘9":"0 14 21 Optical, Range, Range Rate | Gravimetry 16, 16 316




Table 11

Resonance Determinations of Geopotential Coefficients

Basis Field Characteristics
Author or Designation | Year Rﬁi?;sz:e Numbers and Types Reference Coefficients
Satellites Coefficients Determined
1. Wagner 1967 19 3 24-hour (2,2), (3,1), (3,3)
2, Gaposchkin and Veis | 1967 20 3 12th order SAQ M-1 (13,12), (14,12), (15,12)
3. Murphy and Victor 1967 21 2 12-hour 2,2), (4,4)
4, Yionoulis 1968 22 3 13th order (13,13), (15,13), (17,13)
2., Wagner 1968 23 2 12-hour (3,2), (4,4)
6., Murphy and Cole 1968 24 1 12th order (14,12), (15,12)
7. Wagner 1968 25 3 24-hour (2,2), (3,1), (3,2)
2 12-hour (3,3), (4,4)
8. Douglas and Marsh | 1969 26 1 13th Order Yionoulis, 1968 |(14,13)
9, Wagner 1969 27 4 24-hour SAO B13.1 (2,2), (3,2), (3,3), (4,4)
4 12-hour




|

TABLE II

Satellite Position Differences Aséociated with Various Gravity Models.

- Position (méters)

SAO. M:1 (modified*) GEOST . . - GEOST. -

s oL cross “Along TCross - Along

Radial ‘ Radial O It

. Track| Track | Total Track | Track | Total
SAO M-1 (unmodified) | 30.0 17.1 | 286.4 | 2885 | 22.3 | 103 | 232.2 | 234.2
SAQ COSPAR(no, 11th) | 8.9 128 | 205 | 33.4( 247 | 182 | 928 | 97.8. |
SAO 1969 8.3 135 | 269 | 31.2| 166 | 19.3 59.2 | 64.4
Kohnlein 16,4 16.1 |213,0 | 2142 | 201 | 169 | 129.1 | 1317
Kohnlein (modified) 9.2 10.9- | 28.0 | 314|118 | 151 ~| 418 | 461
Rapp 48,3 295 | 120.4 | 141.2 | 38,8 7.7 ] 187.6 | 166.6
Rapp (modified) 46.4 33.2 | 999 | 115.0 | 36.2 | 391 | "84.87| 1007
APL 3,5 6.1 46.8 ! 175.7 | 187.1 | 71.8) 55.2 674.3 | 680,4
APL 3.5 (modified) 42.5° 416 | 90.1 | 107.9 | 347 | 45.¢ . 88.1 | 105.2
NWL SE-6 16.3 16.6 | 204.0 | 205.3 | 46.4 | B0.5 | 374.6 | 386.1
NWL 5E-6 (modmed) 16,7 129 | 49.1 | 53.4! 263 | 80.0. |- 829 | 1182
Kaula- ‘ 325 2.2 | 114.1 | 1259 |. 476" | 435 |'232,8.( 241.4
Katla (modified) - 324 | 4251162 | 12241 487 | 420 | 1405 | 1546

*Gaposchkin & Veis (1967) 12th order terms for GEOS-1 and Yionoulis {1948)
and Douglas & Marsh {1968) 13+h order terms for GEQS-11,

perturbatlon theory of satellite motion. Geopotential coefficients and tracking

station coordinates were ad;usted to prowde a best representatmn of observa—

tlonal data from twenty—one satellltes and from gravimetmc analyses. |

B. Tesseral Harmonic Coefficieﬁts ‘

The-Gravimetric Geodesy Investigation proceeds along geveral ii’nes,.of-;

Taat

attack. The immediate aim of one of the approaches is to derive a new gener-‘aii

determination of the geopotential using a body of observational material whieh _

is more extensive than the one upon which the SAOQ 1969 (II)

andard Earth

model is based. The additions include a large body of material developed iﬁ'

the analysis of synchronous and semisynchronous satellites, i.e., those having

T




METERS

METERS

METERS

o§§§r§o'§

=100, /

SAD M-1 {modified) ~ KOHMNLEIN (modified)

— — — SAO M-1 {modified) = NWL 5E-4 {modified)
—————— SAD M-1 {modified) - SAQ 1969
DAY 1

i | ] ] ] 1 ] ] ] i

1.0 2.0 3.0 40 50 60 7.0 8.0 90 100 11,0 12.0

SAC M-1 (modified) - KOHNLEIN (modified)
—— —— SAQ M-1 {modified) ~ NWL 5E-6 (modified)
------ SAC M-1 {modified) ~ SAD 1969
DAY 3

L R T D T L1

1.0, 20 . -3.0 40. 5.0 6.0 7.0 8.0 9.0 10.0 11,0 120

e SAQ M= {modified) = KOHNLEIN (modified)
—— —— SA0 M-1 (modified) - NWL 5E-46 {modified)
=== ==~ SAQ M-1 (modified) - SAD 19469

DAY &

J I | ] 4 1 | i B |

0.0

1

.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 2.0 10.0 1.6 120

' MASA-GSFC-TADS
HOURS MISSION & TRAJECTORY AMNALYSS DIVISION
BRAMCH___ 850 DATE 5/7Q
8y J. W SIRY PLOT NC, |4}

Figure 1. Along Track Position Differences GEOS-I July 11-16, 1966



periods near a day.and half a day, respe‘ctively. This effori ha.s been carried on
over a number of years at Goddard and represents the principal contribution to
the analysis of the motions of these types of satellites and of the corresponding

features of the earth's gravitational field.

Some of the results obtained by Wagner, Murphy and Victor are contained
in references 19, 21, 23-25, and 27 summarized in references 28 and 29 and

indicated in Figures 2 through 5 and Tables 1V and V.
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The present general solution for the geopotential will be carried out by means
of a special perturbation theory of satellite motion uging a program system de-
scribed in reference 25. This method is fundamentally different from the bne
employed by SAO, hence this effort provides a unique opportunity to conduct an
indepenilent comparative anﬁlysis of the data used in the SAO solution. Inraddi-
tion, incfeased accufac‘j should also be'_more readily achievable by means of

the approach employed here.
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TABLE IV

Solution for Gravity Coefficients From 24-Hour Satellite Data

ﬁlégl?)q (3’)2‘\;?8) (RA};’;SSAY: NI 1058, 108C,, 1058, 105C;, 10583, 10, 1088,,
1 |UNADJUSTED, UNWEIGHTED| 19.8 1.590 £0.04 [-0.970 +0.04 |
2  |UNADJUSTED, UNWEIGHTED|  5.54  |1.578 £0.011]-0.936 £0.012 0.051 0608 0. 155 +0.009
3 UNADJUSTED, WEIGHTED 3.57  ]1.562 +0.011]-0.932 £0.011 0.066 0, 0O 0. 168 £0, 007
4 ADJUSTED, WEIGHTED 2.61  ]1.558 +0.012]- 0,928 +0,012 0.064 +0,007 0. 171 +0. 008
5 UNADJUSTED, WEIGHTED 3.08 {1,543 £0,011}-0.920 0,012 - 0,57 +0.83(~ 1,38 +0.58|0. 027 +0.013 |0. 148 +0.008]
s ADJUSTED, WEIGHTED 2.49  |1.547 20.015}-0.913 +0.014] 0.28 +1.00|- 1.47 +0.74]0, 028 0,017 0, 155 +0. 011
1 UNADJUSTED, WEIGHTED 3.55  ]1.551 0,013} 0,921 £0,014 0,064 £0, 0100, 160 £0,010{- 0, 29 £0.87 |~ 1.28 £0. 90
8 ADJUSTED, WEIGHTED 271 |1.559 +0.016{- 0,927 £0.018 0,086 +0.012 [0. 170 £0.011{-0. 15 £0.83| 0,18 £1.08
9 UNADJUSTED, WEIGHTED 3.12 [1.546£0,012[-0.88 0,05 | 1.8 £3.3 |-2.6 1,3 {0,038 £0.0210.133 20,018]- 1.8 £2.1 | 0,23 £1.4
10 ADJUSTED, WEIGHTED ©2.25  |1.551'20.014[-0.86 20.08 | 3.4 23.5 [-3.5 +1.4 |0.039 £0,024[0,127 £0.021)-3.1 22.3 | L1 s17
a1 ADJUSTED, WEIGHTED 2.43  [1.546 £0.015|-0.916 40.013] 0.06 £0.98|- 1,64 <0, 72]0.025 £0.017[0. 154 s0.011|  KES** ‘(ALsO H,)
12 ADJUSTED, WEIGHTED 315 }1.585 £0.015|. 0,951 20,014 K66+ * ~ |e.087 +0. 0080, 184 +0. 010, K68**  (ALSO Ky, )
NOTES * S - ESTIMATE OF STANDARD ERROR (RMS RESIDUAL) FOR GRAVITY so:,unou ow:a ALL THE DATA.

**+ COEFFICIENTS FIXED FROM A\lsﬁﬁ DETERMINATION OF KAULA . . . k
BEST RESULTS (FROM SOLUTION 8 WITH BOUNDS E\IC‘REASED DUE TO LIKELY MODEL FRRORS):

109C ;7

1065Cy, = 6.3
108C,; = 0,02
10°3,, = 1,80
1083, = i.5
1043, = 0,16

135 dets,,
TO.08 L rotsy,
.04, Ay
+zl')g T
(003 0

=1.850 *2-388. 085, =

~0.8

-1.5

0,155

-15,3
- 79

26.4

15 20.025

1.2
-1,5

+0. 030
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TARLE V

Resonant Longitude Gravif:y Coefficients* from Recent Studies

Caz 822 Car | 82y {Ca2 _ S32 C33 | S33 | Cys Sa2 Cas | Saa

Geoid . . ‘ _ %
{10°) C{(10°%) (1ot (105 (10°°) @0°%) |10 %Y (100 (1078} (107%)] (1079 {(107)

K('ihnlein 2.38 . 1-1.35 . 1.71 0.23 10.84 -0.51 0.66 11.43 0.351 0.48 0.04 10,30
Kaula ['1966]'2.42  f-1.38 1.79 | 0.18 {0.78 0.75 0.57 {1.42 | 0.30| 0.60 |-0.06 }0.32
Wagner 240 + .03]-1.43 +.03|-0.42 |-1.58 |0.69 = .20| -0.53 + .20 0.16 {1.10 0.0 0.0 6.02 (0.70

* . F
Fully normalized coefficients.




Table VI .
. Weighted rms Residuals in Two Combined Arc Solutions.

with 12~ and 24-Hour Satellites (12 Ares) . .

" Strongest Resonant Gravity' ¢
Coefficients Used

Gravity | Weighted (unnormalized): 107 Other
X Resonant
Field | rms | Coefficients

Used |Residual 2,2 3,2 3,3 4,4
C ) N ) oo _‘_:_..___,Used;
c|s|{c|s|c|s]|] c |s
' 3,1 4,2 for
24-hour sat-
ellites: all
‘ through 6,2
1 L4
SAO 69 5.90 1.55|-.91].29(~.22],111}.180|~.0021}.0075]10,6 giving
B13.1. | % & _ mal R Rl R B i
stronges{
effect for -
12-hour
“I'satellites - -
BI3.1 4 4,99 |[1.58]-.91|.30{-.21].007|.198 |-, 0016, 0075 |2™e 35
cor—- - . i R N . A - s above"*
rected

Where appropriate, however, in the case of resonances, for exaniple, use
will be made of general perturbation approaches such as tl;os_e discussed in

references 21, 24, 428‘an:d 31.

* An examplé of results of such a determination of resonant hariohic coef- *
ficients based on Mihitrack data is'indicated in Figure 6. Results of this type
will also be reflectéd in the overall gétieral solution. = -
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C. Zonal Harmonic Coefficients

Zonal harmonics have also been determined by means of a general perturba-
tion technique 31-33. It is planned to extend this effort and also to use special
perturbations to defermine zonal harmonics on the basis of data from some

twenty satellites.

Resonances have also been determined by means of a numerical integration
approach. Results of this kind are indicated in Figures 7 and 8 in reference

26.

It is )anticipated ‘that the progress toward the solution will be sufficient to
provide a‘. ﬁeasonable basis for the analysis of the data to be generated in con-
nectio:n with Project ISAGEX. The program to determine and refine thg general
soluti—on'fpi; the earth's gravitational field ﬁsing the constantly increasiﬁg supply
of dété wiil be coﬁtinued with the éim' of providing a éound foundation for the | _

analyéis,. of ‘;the new altimeter and satellite-to-satellite tracking data from GEOS-C.

D. GM a;nd- the Radius éf the Eé.rth
" The best ;léfei;mination of the fundamentalggravitat'iopal parameter of the
earth, its Ihésé,g wi:iiéh has been made s¢ far has resulted fi"om work which has
proceeded entirely independently of the determination of all the reét of the g'ravi-
tational quantities, The mass is determined best using data from deep space
probes travelling toward and beyond the moon from which the Earth appears

more like a gravitational point mass. The higher harmonic coefficients, on the

16
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other hand, are best sensed by close earth satellites. Analyses of data from

the spacecraft at these two kinds of distances have proceeded separately up-to
now. This point and some of ii:s‘.iihpliéatic;ﬁs: are discussed in reference (29).
The objectives of the Gravimetric Geodesy Investigation also include the deter-
mination of the fundamental gravitational quantity, GM, along with the other geo-
potential parameters and the earth's mean equatorial radius at the same time.
Use will be made of accurate range data from spacecraft at seve;r'al altitudes

including some in the one to two thousand kilometer range, :sx‘cl:q;rxej at :é.ynchronous

heights, as well as others at still greét.e‘r‘ ‘disté.nce's frbfnh,th‘e earth, ;__Lunar

transfer trajectories for which USB tracking data are available are éxpected to

be of special value in this connection.
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E. Tracking Station Locations

The determination of geopotential coefficients ultimately will be achieved
simultaneoﬁsly with the detefminatioh of tracking station ﬂlocations. An extensive
program for adjustment of tracking station locations has been carried out at

Goddard (cf\."reféreﬁcesﬁ34-37).

In particular, dynamical solutions have been carriéd out to determine loca-
tions of a number of Goddard tracking stations. Some indications of the cover~
age provided by the thirty thousand observatibns employed is indicated in Tables

7 and 8 and Figure 9. Results are presented in references 36 and 37.
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Table VII

Number of Optical Observations Per Station Used in Dynamical Estimation

STATION A OBSERVATIONS STATION OBSERVATIONS
BLOSSOM POINT, MD. {1021) 650 TANANARIVE, MADAGASCAR (1043) 339
FT. MYERS, FLA, (1022) 680 UNIV. OF N.DAKOTA, N.D, (7034) 548
WOOMERA, AUSTRALIA (1024) 152 EDINBURG, TEXAS (7036) 1109
VSANTIAGO, CHILE (1028) 264 COLUMBIA, Md. (7037) 1540
MQJAVE, CAL., (1030) 932 BERMUDA (7039) 448
JOHANNESBURG, UN. OF SO, AFR. (1031) 623 SAN JUAN, P.R, {7040) 475
ST. JOHNS, NEWFOUNDLAND (1032) 179 GREENBELT, MD. (7043) | 158
E. GRAND FORKS, MINN, (1034) 542 DENVER. COLO. (7045) 573
WINKFIELD, ENGLAND (1035) 400 JUPITER, FLA, (7072) 516
" ROSMAN, N.C. (1037, 1042) 1015 SUDBURY, ONTARIO (7075) 699
ORRORAL, AUSTRALIA (1038) 482 KINGSTON, JAMAICA ('7076) 388



Table VIII

GRARR and Iaser Arcs Used in Solutions

1968 ARCS
. B _ uLAsKR | MADIGATR _ ROSRAN __WALLAS _ GDDLAS Optteal*
Tate No. of Cbs. hN?_ ?f_l?is; - Wo. of 035:__ Nol; of o of ‘l\g]}-.‘sor . a[‘

" ‘ﬂange" Rna;;gee !:Bsifszi Runge RI:‘;‘E: S:s.’sfs Range ]}f;g; g;x;s?:s B(:msg‘e Pasacs vRang‘e Passea
«uz-‘a/sg_hﬁmhzﬁl_ﬁ T 3 Tle0 aea 3 485 2 o a4
4/26-27/68 w6 8 - ns M -4 18 1 320
s/7-8/68 . 1T2 172 z tez w1 7 a8o z 172

" 5/21-22/68 12 13 z 167 166 1 492 2 351
6fe-l0/68 | 262 262 2 277 217 - 4 : 203
6/11-12/68 18z 182 3 456 456 5 ses 3 T " sz8
6/14-15/68 - 238 8L 4 C.o1 T 3 641
6/16-11/68 136 . 13¢ 2 105 14 a’ 814
&/21-22/88 2 3 269 21 4 azz 3 154
8/23-24/68 PR S 229" 228 4 T 20
9/24-25/¢8 : ) 11 11z 2 ’ 69 1 122
9/27-28/68 183 193 3 - 57 z 38 1 89
10/4-6/68 . 200 - 200 - & 105 107 2 75 1 286
10/6-rse8 ¢ b b S 5 4 ‘186 188 4 - 308
10/8-9/68 a7 &7 1 197 188 4 318 2 507
10/21-22/68 132 - 132 4 312 2 4435
Jo/E3-24/68 202 202 3 ' - 8T 2 346
TOTALS 3108 zag0 48 T . 65U 14 2376 2393 an 256 13 1247 g’ 1821
1969 ARCS .
= vl _camvor T cnmad T GODLAR e
Date * No, of Obs. Ro. q{ OBS; : No' al, No. of —
. T Ramge 1\{0. af ST Range Ne. of Obs. Na. of Cha! | Nowof Na. of
Razmge, ‘.., Passes Range 7\, o Passes Range Passes Range Passes | Db,
a/2-3/68 127 127 5 158 194 4 Toy 2 o4, ! 130
HE-6/89 124 124 3 oz 129 2 221 ] 368 4 60
3/11-12/88 98 99 3 132 ‘ez 4 190 3 108 2 a4
3/13-14/68 150 150 5 314 a7y & 199 3 g 1 285
3/17-18/69 de 196 O B T 5 214" L 234 3 171
3/29-30/69 92 o2 5 170 170 s ’ - ' 225
3/31-4/1/50 164 163 4 102 206 1 101 2z 23¢
4/3-9/89 75 73 2 167 176 4 146 2 94 3 386
4/310-11/69 " 1z TR 5 a0 143 2 321 4 3 1 248
a/r4-15/68. 183 123 3 9 12 a 271 4 230
‘4/94-25/69 - 199 199 3 150 178 3 251 2 158 1 152
5/6-6/69 163 163 4 219 280 3 216 4 544
TOTALS 1684 1888 47 2115 2414 43 2235 23 1127 16 2822
*Station coardinates hedd fixed. : CoL '
SUMMARY
GRARR Ng. of Obs.
range 9862
range rate 106133
number of passes 186
Laser
Tange 7205
number of pagses 71
Optical 11643
Total 38843
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III. THE ANALYSIS OF GEOS-C DATA

A. Satellite-to-Satellite Tracking Data

1. The Satellite—tolsatell'ite‘ Traching System

The satellite-t o—satelllte trackmg ‘experiment mvolving a geodetlc satellite
calls for the tracking of GEOS~C via ATS-F. The quant1t1es to be ohserved are
the range from a ground statmn through ATS—F to GEOS—C and the correspond—
ing range difference over a small time interval, which 1s ofl:en referred tc-- as
range rate The use of these data mvolves the analys1s of the I‘D.OthIlS of both
the GEOS—C and the ATS—F spacecraft It will be possible to make independent
measurements of the range and range rate from the ground tmcking.r station-f.to
ATS-F using the basic ATS tracking system. It is anticipated that .the‘ATS-F
spacecraft will be fitted with laser corner reﬂectors, and hence that this accurate
tracking system can also be used to obtain the range from the ground station to
ATS-F. SLmultaneous laser observations of ATS from three Wldely separated
points on the Earth's surface can, in fact, perm:t the determination; of the position
of ATS-F by entirely geometrw means. Such data together with the continuing
analysm of synchrcnous satelhte motmns being conducted as part of the Gravi-

metric Geodesy Investlgation, prov1de a basis for 1dent1fy1ng the contrlbutlons of

ATS effects to the ATS— ¥/ GEOS—C satelllte-to—satelhte trackmg data‘ reslduais.

The increase In dccurady resulting from the use of lader tracking of the
ATS-F spacecraft by means of a corner reflector array mounted on it is indicated

in Figure 10 (38). The circles denote estimates of the errors obtained if
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the tracking is done only with the ATS electronic range and range rate systei.
The values assumed for the uncertainties in terms of the noise and bias qdanti-

ties are also indicated.

The tracking of GEOS-C from ATS-F will be analogous in many ways to
the tracking of lunar skatel.lites from stations on the earth. The data from lunar
orbiters were originally anelﬁzed in conventional ways in terms of spherical
harmonic coefficients. It was realized after a time that many of the lunar

- satellite range rate trackmg data: remdual anomahee corresl;on;ied to mascons
or sgr,faice" ‘densa,ty d;strlbutions. This interpretational approach is perhaps one
L of 1:hew most str1k1ng features of recent research relatmg to g'rawtatlonal fields.
(Cf. Figure 11.) Both the traditional and the new approaches have.been used at

Goddard as is pointed out in references 39 and 40.

A eafel_lite experiencing an anomalous acceleration of about four milligals
over fifty seconds will underge a velocity change of a couple of millimeters |
per second. Increments of this order should be detectable with the aid of
satellite~to-satellite tracking equipment now being de\feioped, which will have a
resolution of about 0.35 millimeters per second. Such an acceleration could’
 correspond, for example, :to.a surface gravity anomaly of the order of ten milli-
gals. ’I‘hls pomt ig discussed by Vonbun., A typica,l case is mdlcated in Flgure 12

"‘which is presented in reference 41.
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Figure 11. Doppler residuals from Lunar Orbits of Apallo VIl on December 24, 1968.. The upper.and.
lower portlons of the figure depict residuals obtained in the nmghborhood of Sinus Aesttium during ‘the
first and seventh revalutions, respectively. The residuals are plotted vs. position along the retragrade orbit.
The positions in the two revolutions are indicated by surface tracks which are correspondingly markéd in
the central portion of the figure. The Apollo Lunar landing sites are also shown.
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Figure 12 S

The tracking of a low altitude satellite such as GEOS- C from ATS-F is
expected to yield information ahout the gravitational field wﬁich is more detailed
in terms of space resolution than thaf obtainable from the- ekiéfziﬂg séts of
satellite data. | The degree to which meaﬁ 'gmvity anomalies in adjacent squares
on th_e eal_'th' ] surface can be separated on the _pasis of satéilité-to—satellite
tracking data of the ATS/GEOS-C type is a function of the altitude of the low

satellite,

The dimensions of such a' square are roughly comparable to the altitude

of the low satellite. This problem has been studied in some detail by Schwartz (42).
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Figure 13 depicts the relationship he found between the gatellite altitude and the
size of the square in which gravity anomalies can be identified by means of
satellite-to-satellite tracking techniques. Extrapolation of this result to the
general altitude region now planned for GEOS-C, i.e., the neighborhood of 900
to 1000 kilometers, leads to an estimate of approximately six degrees for the
spatial resolution capability of the GEOS-C/ATS-F experiment.

The magnitudes of the effects are indicated in Figuve 14 for a satellite ina

700 km altitude orbit. It is presently estimated that the ATS-F/GEOS-C tracking
700
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Figure 13
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system will have an accuracy of about 0.35 mm/sec for a ten second integration
time. The corresponding resolution capability in terms of a mean anomaly ina
five~degree square for a satellite in a 700 kilometer altitude orbit is about 4.4
milligals, The implications of this for GEOS-C will be discussed further in

Section IV.

2. GEQS~C Orbit Selection Considerations

it ﬁras originally planned that the GEOS-C orbit would have an inclination
‘of about 20°. More recent thinking revolves around inclinations in the 40° to 65‘;
range. A number of the conclusions derived on the basis of analyses conducted
for the 20° case are valid also for higher inclinations. Some of these analyses,
accordingly, will be described here. The following discussion is intended to
indicate the different kinds of scientific objectives which can be met with a
particular sé'lection of a GEOS-C orbit. Most of these same tﬁoughts also apply

to inclinations in the 40° to 65° range.

It is assumed for the purpose of the case considered here that the GEOS-C
orbit will have an inclination of approximately 115°, i.e., 65° retrograde, ‘and a
mean altitqde in thg neighborhood of 200 fo 1000 kilometers, as;“}as indicated
above. The eccentricity will be taken fo be 0.005 or less, a range which will
simplify thé altimeter design. One is at Iibérty to adjust the mean altitude or
the period Within certain limits in the ati:enipt to a;zhieve as many of the scien-

tific goals as possible, The values finally selected will he governed partly by
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considerations brought.out in the following discussions.. They may be somewhat
different than those indicated here, however it is not anticipated that the prin-, .-
ciples underlying the present discussion will be fundamentally changed.

© .The spatial resolution obfainable with the satellite~to-satellite tracking.: -,
data ig an ‘experiment of the GEOS-C/ATS=F type is about 5,7 degrees, as.wag

indicated in the earlier discussions

Startmg from this po:int one can work out the followmg orhit parameters |
w‘meh wﬂl accommodate the ob]ectives of the Grawmetric Geodesy Investigation

LT

from the standpomts of the gathermg of both the satelhte to—satelhte trackmg

data and altimeter tracking data. It w111 be seen later that a nurnber of 1mportant
oceanographic ob;ectives can also be met With the orbit se]ection which is '
discussed here.

.+ An orbit-having:a 65° refrograde inclination, a mean altitude: of approxi- .
mately 1000 km and a corresponding period of about 105 minutes will .move wegt-

ward in longitude by about 26.2° each revolution. This orbit has ground track

equator crossings which Shlft to the west about 6. 3 degrees per day ’I‘he result—
1ng separation between the orbit traces, which is smaller by the faotor sin 1, is
R 7° which corresponds to the Value indicated abova. The deszred 5 7° survey

pattern is thus approximately traversed in fiﬂ:y-five revolutions of GEOS—C in

: ‘! '..'"‘.' " u-»

a bit more than four days. It mcludes a complete set of traoks crossmg the

i y . . . 3 = s e e
R : " st .‘n-’t“"' A i,.‘.*k: PR
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equator in both the ascending and descending directions, separated by about 5.7

degrees.

At the beginning of the -fifth day, the longitude of the ascending node of the
56th revolution is found to be displaced from that of the first revolution by about
a degree, i.e., about a sixth of the daily shift. (Cf. Fig. 15) This can be thought
of as the beginning of the phase in which the fine, or one~-degree, pattern is laid
down., The process continues for a total of 344 revolutions, at the end of which
the ground track repeats, i.e., it is planned that the ground tracks of the first
and the 345th revolutions will coineide. This, in fact, is the precise defining
criferion.for the orbit in the context of the chosen inclination, i.e., 65° retro~

| graae, and eccenfricity, namely, about 0.005. Thus, in something over 25 days,
such a GEOS-C orbit will provide for an altimeter survey with orbits separatea
by slightly less than a degree. Since the alfimeter cannot operate continuously;
due to power limitations, an actual survey of this type would take much longer,

on the order of a year, in fact. (43)

| Clearly other strategies are Ilaoss.ible, e.g.; by selecting patterns which
would gis}e sp‘acings of ahout 3°, 1.5°, .‘ etc. The example sketchet':l here ';wil'l suf-
fice for the pu.rposes of the present .discussmns, however. Resonances may he
assocmfed Wlth seme of these chelces. A prelumnary look at this ponﬁ: mdi..ates

that thege will not be unduly severe, however. The degree to which such a spe-

cific fine resolution can he realized depends upon the launch vehicle capabilities.
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3. Satellite~to-Satellite Tracking Data Requirements

a. Gravimefric Geodesy Analyses

'~ Thig inférmation about the orbit furnishes the basis for estimating
the data taking requirements, ' The 6.3 degree separation at the equator implies

tha_t_ some 57 passes will be trackable from ATS while it is in a fixed position.

* Half of thesé éorrespond to-ascending nodes, half to descending nodes. Each
pass ‘will'be about'58 mimites long, “Hence, a total of some'56 hours of satellite~
to-satellite tracking will complete thisl‘ six-degree survey. Redundant informa=
tion will be obtained near the maximum latitudes since the tracks are less than
6 degrees apart. In an initial experiment, however, it is prok;;.l;)ly ﬁse, e\;en S0,
to plan on contmuous satelhte to—sate]llte trackmg whlch shou.ld aid conmderably

in the interpretation of the data. =~
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ATS-F will be at 94° W longitude at first, and then at 35° E longitude. Thus
some 112 hours in all will be required to comﬁlete tﬁe Satellite-to—satellite
tracking surveys in these two regioﬁs. Again,. so;n; .II'ecliﬁn-dant information will
be obtained, since the coverage regions around 94°W and 35°E overlap some-

what. This will provide a valuable opportunity for checks and comparisons.

Some satellite-to-satellite tracking will also be done while ATS-F is en-
route between these 2 locations, This will, again, permit correlative studies
which will strengthen the overall results. Perhaps another 50 hours or so could

be devoted to this phase of the activity.

b. Orbit Determination Studies

The satellite-to-satellite orbit determination experiment can in-

volve data taking patterns such as thosel indicated in Figures 16 and 17. .

These data seguences couid presumably be‘ abSﬁacted frofn ihbée -indi‘é'élted" '
above for the scientific investigations. Accordingly, they would not necessarily
involye the additional use of the GEOS-C/ATS-T satellite-to-satellite tracking .

resources,

' B. Aitimetef Data '

1. Infrddﬁ'ctiorll
It was pointed out above that the altimeter will be usefal for both | S
gravimetric and oceanographic investigations and that, to'a certainextent, these

studies may be inter-twined,
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Revolution: 1 2 3 4 5 &7 89 10 11 12 .13 .14 15

"—" = One GEOS-C/ATS-F Satellite-to-Satellite Tracking Pass Spanning Half A
Revolution, ‘

Figure 16. Satellite-to-Satellite Tracking Data for Orbit Determination Analyses

ioa

"o '= A DNE-MINUTE GEOS-C/ATS-F SATELLITE TO-SATELLIYE ~
TRACKING PASS. THACKING PATTERNS SUCH AS THE FOLLOWING
WOULD BE OF INTEREST: BD, BCD, ACE, & ABCDE.

Fig'ure 17.‘ |
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For example, the portion of the gravimetric geodesy investigation which is
conducted with the aid of the altimeter will make use of the available knowledge
of all of the factors which affect ocean height representation. These include, in
addition to the gravitational field, the following oceanographic effects:

1. Tides

2. The CGeneral Circulation
3. Currents

4, Sea State

5. Storm Surges

6. Tsunamis

The following discussion is concerned partly with the representation of
these oceanographic effects using available information. It is anticipated that
each effect represented will also be investigated with the aid of the altimeter
data. Thus the above list of oceanographic topies is both a list of effects to be
represented, in connection with the gravimetric geodesy investigation, and a list
of investigations to be conducted with the altimeter data. These Avarious investi-
gations are thus inter-related. In principle, with enough data, it should be pos-
sible to separate the gravitational effects, whi_ch are nearly invariant over the
lifetime of the experiment, from the oceanographic ones, which vary with time
in one way or another. In practice, however, it may be some time before enough
data are available to make itlfeg.sible to effect such a sepa}‘ation without studying

the data with both gravimetric and oceanographic thoughts in mind. In other
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B words, it may be advisable that the gravimetric and oceanographic analyses be
viewed as coordinated or joint undertakings in some sense. ‘The - observational
as well as the analytical aspects of the gravimetric.and oceanographic investiga~
tions may also be approached jointly.  The-concept of a team of investigators
considering both the graviinetric and oceanographic-aspects of the. problem may

be appropriate here.

This discussion is aimed primarily at the gravimetric inﬁésﬁgﬁﬁéﬁ and ithe
representation of those oceanographic effects which are neceséary m order to
conduct the gravimetric investigation properly.. Poﬁions .of' the discussion that
seemed fo be especially likely to involve the posgsibility of joint plaiﬁning .such
as those concerned with the observational programs, for example, do include

suggestive thoughts relating to certain aspects of possible oceanographic

investigations.

aoa
¥

2. Ocean Surface Altitude and Satel_lite Position Represlentation
Thg representation of ocean surface altitudes and satellite positions
will be considered in terms of the theoretical formulation, the organization of
the caleulations, and the specification of physical features associated with the

gravitational and oceanographic aspects of the‘éaith.

a. Theoretical Formulation

The theoretical formulation of the problem can be ¢considered

conveniently with the aid of the following definitions and relatiozis:
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r (t) = spacecraft position vector
i {t) = vector normal to reference ellipsoid extending from reference

ellipsoid to spacecraft

h, = height of geoid above ellipsoid of reference
h5 = height of sea surface above geoid

R (t) =)~ h, O

h(t) =h, hi(t)

h(t) =h b} (t)

nt) =h,t) - bk t) - bt

h(t) = b))

Functional dependences can be indicated further as follows, where the

symbols have the meanings specified.

r(t)y=rcit, e GM, C ., S
Cpthy @Mt o, B
@, €, T, T VY,

p.m., UT1, Te},

e

where

e, = {a, e, i, f, w,my),
or o
o YLy Yo
GM GM = product of gravitational constant and mass of earth,

Com® Sop = co_sjne and sine coefficients of sph_erical harmonic potential

terms.
38



+ £

o(B) 91 At 8], BL) = atmospheric  density as a functioh of:

h: height SRR CERE
g: latitude
R I R AL Tt I L AT I R TR
A: longitude .
roocpe e 9 T N N e R T A I SN L R fot B g srage -
t: time
O . . a3 AR SERIR T B R T L
o, solar activity ’
- AR - oo ' TR L 1 (R
B, magnetic activity
and where = | ‘ o
Ce R . B B . 3

o: solar gravitational field ) o L Y

c: lunar gravitational field

Aen by Dl Ul Crone g
o: radiation pressure
i precession ' :
v mutation 2
p.m.: polar motion SERL SAIMENE TUNFAR S .
y L . : o . \1 T R s P ,
UT1: earth's rotational position = Syre
: ’ P ST R i :);I“? | LT - ~
T,: éarth tides et o
Toipd _._ba ; -}?vg {Cnm’ nmt’ ,g(,?u i N 3 e
CaR T : R PR i LEE 3 Hiiin e Feopaiiiin
. N ,-Lk! g(qu‘q\ U_?Q}_‘, SIS, EV:.“{J‘ sroariincg Tty o o IR

where the

g(tp“ ) denote gravitational anomalies specified-in' terms of latitudé and
longitude regibn“si“‘the i, ‘denote gravitational anGmalies specified if teriis of &«
mascon parametérs; and the g( ¥ o Niy)denote gravitationalianomalies specified

.
A
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gither directly or in terms of equivalent geoid heights at a number of latitude

and longitude points.

Values at intermediate points are found by interpolation. The interval size
will be specified as an integral muitiple of a hundredth of a degreé. The interval
size may vary up to ten times over the range, and the interval patterns for
iatitude and longitude will be specified separately. Similar remarks apply to
the specification of the order of interpolation. It is estimated that up to ten sets
of the type g(v_ s A ) containing a total of 10° functional values might be needed
initially, and that each of these storage parameters might be an order of magnitude

iarger for more advanced studies.

The caleulation of geoid height quantities, which are based on gravitational
field expressions, could be implemented in more than one way. It could be done,
for example, by evaluating these expressions at each point of interest. It could,
alternatively, be done by evaluating these expressions atl?a specified set of times,

e.g., at the times corresponding to those employed in the numerical integration

processes, and by employing numerical procedures to calculate the geoid height
quantities at the points of interest. The method could be optimized keeping in

mind numerical analysis and computational efficiency considerations.

;... One or more specified sets of the quantities g, ( Pt ?&pq.), e.g. those associated
with features such as trenches, say, would be multiplied by factors, lgm, respec- .

tivelys which would initially have the value unity, but would be solved for as un-
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known parameters. Ten to a hundred such quantifies could be of interest. Thus,

e.g.,
h =h {Cnm, S B(®0 Mo Juk} Z Ky By (Ppqr Popg )
hs = hs {Te’ TU’ hU (q)pq’ }\PQ )}'

where T, denotes ocean tides and the h o{¥py ) denote he1ghts above the geoid
of oceano;nnp-luc- and nleteorologwal featurelo ouoh as currents tsunamls and
wind z;nd preo;uro filelds, Specified at a nnml)e;r of latitude ancl longitude points.
Tho.”ronlarlcé‘,-obont'lntox:nolal;ion,r;intor.xlals., la:rrays;. and unknoiar:ns:,' k , mnde in-
connectlon Wlththe functlons g( Lp L ), eto o apply in analogous fééhlbﬁ to the
funct1onsh0( opq,‘;-)\;; ),uetc:. Othen}lunctlons maf also be used to neoresent
oceanographic and meteorological phenomena. R (t) =R (t. R, f); where R,
detotes the méan dquatorial radius, and f dendtes the flattening.

The quantltles T, h h , and R w111 in general be funct1ons of unknown
parameters which can be identified or associated with the 1ndlcated "-a:rgfunientsz.
kThese unknowns, and any others invqlvod,- w111 .be de_note(__:l he_re _,glnnply lg_y X,
The partial differential ‘%9ef-,f%91%¥1*8t¢#9ﬁ% found it the aid of methods and
expressions employed in systems such as the GTDS, the Goddard General Orbit
Determination System, Geostar, etc. That which igu,opitalnalailo 1nvoll(o§, thg use
of numerical differentiation, numerical integration, or analytic theory, as
éppropriate.
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3 . %Bo o B 7
¥x, ox, = 9x. — ox %,
1 1 1
Here, for example,
Sh

€ .

ok gm((ppq’ qu)’

form=1,2,...,n1n

h/ ox, can be derived, for example, numerically by differenc-ing.over‘a
suitable time interval, e.g., one which corresponds to the measurer'n:ent 'interval.
The determination of the time to be associated with the defived guantity can bé |
made by an appropriate method. Alternatively, such a measure méy be régafded

directly as a height difference over a finite time interval and treated accordingly.

b. The Organization of the Calculations

-The organization of the partial derivative calculations is indicated
in Figure 18 and Table IX. 'The notation of Figure 18 corresponds to that em-

ployed in reference 33.

C. The Specification of Physical Features T T

Analysis of the altimeter data involves the representation of the gravita-
tional field and of the types of oceanographic effécts which were listed above in -

the introduction to this sectioti.
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Table IX

r B, h, by
aeilwM, v
GM v
c_8_ v v
oo v
o ¢ v
Y v/
PM UT1 v
Tides v v
Anomalies v
Regions 4 v
Mascons v v
Features v ,\/
Trenches v v
Ref. /
Currents v
Storm Surges 4
Tsunamis v
Winds v
Pressures v
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It will be assumed for the purposes of this portion of the discussion that the
GEOS- C altimeter will be Eca.pable of ingtrumental resclution at the. 2 meter level

in one mode and at the 0.5 meterlevel in a second mode. ... =~ . . -

i. The Geoid
The broad features of the geoid are given by satellite analysis.
The best representation currently available.is the one presented by SAO seen in

Figure 19... - - . -. o R L O B

Detailed studies of the geoid in certaiﬁ i-egions have been céndﬁctéd by a
number of investigators including Von Arx, Taiwéﬁi, Uotiié; Rapp, Strarigé,
.Vincent, ‘Berry, and Marsh.. (44-48.) An indication of the availability of results

in several regions of interest off the East and Gulf Coasts of the United States. is

" 400

o

-40* =

-60*F

0] L

1

1

90 =
-1B0* -t60° -140Q° -120° -100° -B0* -6Q* -40° -20" 0° +20° +40° +60° +BQ" +00* H20° +40° HEO" +H8Q*

4

Figure 19. Geoid heightsf'in meters of the new combination solution corresponding
to a reference ellipsoid of flattening f = 1/298.255."
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presented in Figure 20. An example of such a detailed geoid, and a satellite.
geoid for the same region, are seen in Figures 21 and 22. (49, 18.) Itis
understood that further detailed geoidal results will be forthcoming in the

relatively near future (50).

i, Tides
The departure of the ocean surface from the geoid can be thought
of in terms of tidal phenomena and the features of the general circulation, in-
cluding current patterns and more variable features associated with currents

such as the meanders of the Gulf Stream.

Tidal phenomena have been studied by Hendershott, Munk and Zetler (51, 52).
Hendershott and Munk describe a model involving a number of amphidromic
points which can be obtained by solving the Laplace Tidal Equations (LTE) in
the case where coasfal values are given. (Cf. Figure 23). Cotidal lines for the
Atlantic Ocean are given in more detail in Figure 24 which is due to Hansen (53).

The basic Laplace tidal equations are given by:

2u , -g  3(l-D
= (20 sin &) v T cos )

dy ; -g 3(1-0)
— 4+ (200 —=
3t+(2 sin &) u " =7

EZ,__I_ 1 J(ud) ' 3(vD cos G))_
9t acos @ \ 9¢ 36 N

46



L

20°)

[ ] Interpolared
Canagda 2°x1°

S

~ n 28
o O NABA-GSFC-TBHODS . !
TMISSION & TRAJECTORY ANALYSIS DIVISION T 20° |.
_ BRANCH 582 DATE  4/6/71 , - Ny
F BY +.G.MARSH. ~PLOT Wo. . 4009 - -
Lad -__.:li,_ .l‘nr.ll.{;&‘.ll;_il L1 WIS WS N .
e 125° 0" i e Iy 1997 95° 30° as°® a0” 75 n° 65° 60° 58° 50°

Figure 20. Area of Surface Gravity Coverage




8%

\ N DAY \l*l L EELE .K
R TR Sl N .
200 O ~7
RN R NP
) i ‘\\ \ LT T
AW Y ¥ Tt -
- . N T \‘\'\}\ ‘&\\\.‘;\ A S
y ! e ERNEER SR
NORTH AMERICA X \ NN
ATLANTIC : n BANEN
A OETAILED GRAVIMETRIC GEQID . - N N .\‘\"\ N ‘:\‘\'
S 1?§-—'v¢~'*-;:£*¢\-,,\} AN EUTRRATAN
- \.:\\‘\\:\?; e R A Lo W
—\“-.&‘ ‘\h ) - : "_ . f/; ' \\I ~‘k . 1
- Wb 7 0
ey, o : - RN N

Figure 21. Detailed Gravimetric Geoid



6¥%

%
1y

SRR ." /

NORTH AMERICA '} \
ATLANTIC !

ALY
!
N

SATEIUTE GEQID ) .

esrua mrchon e 4

F_igu re 22



Figure 23

They have been studied in a mumber of simplified forms.

Hendershott's recent research has extended them to include effects of solid

earth tides which he found to be significant (54).
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Figure 24. Theoreﬂcui 'ncles of Aflunﬂc Ocean
Full lines: co-tidal lines, referred to moon-tran-
sition through meridian of Grw., dashed lines: co- -
range.lines of the semi- dlurnal tide M ‘it m(ac-
cording to Hansen). ' :

iii. The General Circulation of the QOceans

Problems ‘associaf:qd'v?ith the general circulation have been dis-

'
H

cussed by H. Stommel, K. Bryan and Hahsiéh._ (Cf. ;éféréii_ces 55 and 56.)

A model for the world-wide general circulation has been presented by
Stommel. It appears in Figure 25. More detailed studies of particular regions

such as the North Atlantic are being conducted by Bryan and Hansen (56)}.
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Figure 25. Dynamic Topography of the Seo Surface relative to the 1000-Decibar Surface.




iv. Currents
The general circulation emﬁrecee a number of major current
systems including the Gulf Stream, the Kuroshio Current-near Japan, and the

Antarctic circumpolar current.

The Guif Stream is of special interest here for several reasons ;pc_luding

the fact that it Meandere.

e The Gulf Stream Meanders

: Coﬁsidei‘abl‘e effort has been devoted to the study of the me-
anders of the Gulf fStream. This research is discussed by Hansen (57). : The
Gulf Stream proper can be thought of as a Kelvin Wa’ve;* Departures frqﬁ this

model are also of interest here.

In the study described by Hansen, the position of the Gulf Stream between
Cape Hat‘beras and apprommately 60° west longitude was observed at 1ntervals
ranglng from a few days to a month. The 15° 1sotherm was chosee as an index
of the main thermal front at a depth of 200 meters, and henCe as ‘an 1nﬁ1cet10n of

the Gulf Stream pos1t1on (57).

' Wavelike_fee;:ﬁree having wavelengths of 200-:40‘0 km 'We}?e ebserved. Hansen
shows tﬂen}';in Figu_re 26, 'i‘he evolution pf the meande,rs m jterms of phase pro-
gression is in&ieafed ;in.nFigufe 27. 1t is seen tﬁel;'e thef the meanders::i_)rogress
at a rate of the order of a mean wavelength, taken to be 300 km, each couple of

months, This corresponds to about 5 km/day.
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Altitude variations across much of the Gulf Stream due to the geostrophic

effect are of the order of a meter.

Some information about its position will be available from sources other

than GEOS-C.

An inclination of a little over 40° would permit the studying of the Gulf
Stream meanders. and also of other western boundary currents such as the
Kuroshio current near Japan. An inclination in the neighborhood of 65° would
also make it possible to study the antarctic circumpolar current which is of
interest for more than one reason., It is the only continuous current which
corresponds to a closed circuit or curve on the globe. It is also the strongest
current being equivalent in terms of mass flux to five or six Gulf Streams. The
65° orbit would also provide good geometry for viewing the Gulf Stream. This

point is discussed in Section 1L, 4, C.

v. Sea State
It is eﬁ;pected that the problem of interpreting the range measures
in the presence of sea state effects will be attacked by an approach such as the

one offered by Pierson aﬁd his colleagues {58).

vi. Storm Surges

Storm surges, such as those associated with hurricanes, for
example, can have amplitudes of up to a couple of meters and wavelengths of

some fifty kilometers.
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Phenomena such as storm surges will be represented and/or observed

when and where they occur, to the. extent that this is practicable.

vii. ':l‘sunar‘n_iét
Tsunamis are fhougy}t to have amphtu.des of nearly half a meter
and wavelengths of perhapﬁithree hundred kilomete;is. Detailed theoretical
representation <§3f a tsuna”m? im}olves the ggprgsgptatjgn Of,- the ocean bottom
topography and fcomplex ra_y—tracing calcq}a!;iopsl to ap th the a:dvance of the
expanding wave.; The occurrence of a tsuz}arr_li in a region and at a time when it
might be obser&%ed by GEOS-C iwoql_q l;:)er_ a ;xfel_raigively rare v(_avgn_t. It could, how-

ever, be modeléd and studied 1n this way.

8. The Calibration of the Altimeter

.. 4. Short-Arc Tracking of GEOS-C in the Caribbean Area

The conglderation of short-arc and long-arc tracking error budgets

. Too
AL R

can begin with a look at the overall error problem. A typical error hreakdown
for the GEOS-C altimeter is indicated in Table X (59). Quantities associated
with Boto¥s Gtiir Hian The ‘orbit errors have an tms valud of approdinately 3

meteré. This léaves 4 metérs or :so: wh'iéh"béh be asmgnedto the calibration
process if the 5 meter rms overall accuracy goal is to be met. Allowing 1 or 2

metors for uncertainties associated with the géoid means that the wicertainties”

agsociated with the orbit determination process should contribute no more than

Ve e T .

about 3.5 meters,

oy cie et
SRR
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Table X

GEOS-C Mission Altimeter Evaluation

Satellite Altimeter System Error

Measurement Error Source (m)

Altimeter Instrumentation | 2
Refraction 0.2
Reflection from Waves 0.5
Spacecraft Attitude ' 2
Root Sum square 2.9
Calibration Error Allocation 4.1
Altimeter System 5

Evaluation Goal

If comparable accuracies are to be -achieved over extensive areas, the ac-
curacy within a short-arc calibration region such as the oneé in thé Caribbean

must be increased still further. This point will be discussed further below.

A detailec_l analyg.is qf short-arc tlfacking using lasers, and cameras ix}_thg Ny
Caribbean a;rea'has_been conducted by Berbert and Loveless (80).. A GEOS-C.
ground track for the 22° inclination case in the neighborhood of several possible
tracking _lop:a:tiopfs in the Ca;jibbean is seen in -Fi,g“?ﬁ'. 28. E}gya!:io;} aqg_lpﬁ as,
functions of time for four of these sites for an orbit at a_mean height of about
eight hundred nautical miles are seen in Figure 29. The duratic_rng of fth.t‘e‘ gor-
responding tracks above an angle of about 48° are indicated in Figure 30.
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Results of an analysis of orbital altitude uncertainties detea.:mined by means
of geometric error propagation using range and angle data from Antigua are
seen in Figure 31. A reasonably conservative value of 2 meters is assumed for
the laser range uncertainty and results for various values assumed for the angle
uncertainties are indicated by the several curves. Accuracies of a second of arc

should be achievable with cameras of the MOTS type, for example.

An analysis of a number of cases involving various combinations of lasers
and cameras is summarized in Figure 32. Assumptions underlying these
analyses are listed in Table XiI. The other angle measure accuracies of 100"
listed there were those assumed for the laser angles used in the analyses indi-

cated by the open circles in Figure 32. In all cases, in addition to the altimeter

Table XI

. GEOS-C Mission Altimeter Evaluation Analysis

Assumptions A Priorf ' Noise
g Uncertainties rms
Recovered Quantities
Range Measures 2m ' 2m
Altimeter Height Measures 100 m 10 m
.. Orbit — R&V Components 1 km, 1 km/sec '
‘Station Positions — E, N,V Componénts 30,30,1m |
Other Quantities
Camera Angle Measures 1"
Other Angle Measures 100"
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bias uncertainty, uncertainties in orbital, survey, and range measure parameters

were also.estimated. Tﬁéttriangle corresponds to a similar analysié":df;é-%hree-%
laser-only ‘cage made'for a much larger trlangle based on stdtions. atrAn‘ilgua, i

E Fer o 5

Key West and Panama It resulted m a Value of 4, 1 meters only slightly hlgher'*

)

than;"fhéit fmfo'f‘ the smaller triangle. As caﬂ,be seen, a number of cases meet both

.

o "5‘.

the basm 4 meter requlrement and the 3.5 meter flgure obtained by allowmg a

couple of meters for uncertamtles assoclated w1th the gemd. | 4y

‘s, X
. P -
¢ . .

Berbert and Loveless concluded thatit the 2-laser, 2-caméra. coﬁ{binatiqm‘ﬁ

wasg probably the most cost effective in terms of the pi‘iﬁ*}ﬁabilitigg 'pufweb?ﬁ.ining

reasonable amounts: of data. - - e e A
Tracking usmg 1asers havmg ten centlmeter aecurames can yield more

aecurate determmatwns of the orbit as has been pomted out by Vonbun (61),
Results ‘are indicated in Figure 33. Thé basic tracking systém' acouiracy gives”

accuracies better than a meter. The limiting factor in this case would then™ =™

appéir to be the state of knowledge of the ‘gedid which is thought t6 bé on the

order of a meter or two.. © e : i
B RIS T S R RO [ L B TP N T T
b. Long~Arc Tracking of GEOS-C o _

‘The surveys of the gravitational field over longer arcs will be greatly
~facilitated by the long-arc satellite-to-satellite tracking of GEOS- C which can

be conducted through ATS-F. The accuracy capability of this tracking approach

is indicated in Figure 34. In the case looked at here, accuracies of some four
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Figure 33. GEOS-C Height Errors Using Laser Tracking

meters or better persisted for almost three hours beyond the time interval

shown in the Figure before the results deteriorated. Error analysis simulation
results thus indicate that altitude accuracies in the three to four meter range can
be achieved in this way. This is reasonably comparable to the current estimates
of the accuracy of the world-wide geoid obtained from satellite orbit analysis (18).
The latter has a spatial resolution of the order of 12°, however. Hence, altimeter
and- s:itéllite—to— satellite tracking‘surveyé even at the 6° resclution level will
definitely provide new information. They will of course also provide the extremely

valuable independent views which are so important.
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. 4. Ocean Surface Altitude Representation and Analysis Using

~ Altimeter Data

The set of GEOS-C data will itself make possible a better represen-
tatlon of the effects mdlcated ‘above. More than one kind of study holds promise.
Tldes can be analyzed ona global basis usmg all the altlmeter data. Information

about the geoid and the sea state can be sought everywhere, Current phenomen,
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such as those associated with the Gulf Stream meanders, will be watched in
certain regions of the oceans. Storm surges and Tsunamis will be looked at

when and where they occur, in so far as this is feasible.

a. Gravimetry

Gravimetric investigations by means of a GEOS-C altimgter will
include at least three kinds of studies. First, it will be possible to conduct an
altimeter survey having a spatial resolution of about 6 degrees using the orbit
ground track pattern which was worked out above in the discussion of the selec~
tion of a typical GEOS-C orbit, This will permit a direct inter-comparison with
the results of the gravimetric investigation at the 6° resolution level which will
be conducted by means of a satellite-to-satellite tracking system. A mutual
validation of both the two approaches achieved in this way will increase the

confidence in hoth types of results.

A gimilar altimeter gravimetric survey can be conducted at a finer resolu-
tion e.g., down to 1°. This can be thought of as the second type of experiment.
This can also be conducted through the use of the GEOS-C orbit ground track

pattern indicated earlier in the discussion of the GEOS~C orbit selection.

Thirdly, fine structure can be investigated in greater defail in regiqns pf
special interest such as those near the Fast and Gulf coasts of America. The
interesting region in the neighborhood of the Puerto Rican Trench, for example,
could be studied with the aid of the Caribbean facilities indicated in the calibration

discussion.
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Another possible region of this type will be discussed in a later. section. |

The results of these regional studies, will, it is expected, be correlated

closely with the surface gravimetr}; data discussed above in Section I, C-,‘A'i,

b, Tides

" ‘Zetler has poihted out, for example', that GEOS-C will, over its '

lifetime, provide data which can be used as the basis for a global tidal study (52).
A possible regional tidal study is discussed below in Section III, ¢, C, i, B.

¢. A Region for Farth and Ocean Dynamics Studies

" As has been indicated above, surveys of certain phenomena such
as the geoid and tides can be conducted on both global and regional bases. The
following discussion deals with an area in which regional investigations of more :.

than one type could be conducted fairly readily from a practical standpoint.

i. Ocean Dynamics

The Atla,ntic region ,_off the cgast qf _the Nor!:hea;_ster__‘nh_united
States_ig of particular interest from the sta.ndpoint of the Gulf Stnrean:l_r;:le‘anders.
as was indicated in Figure 26 Whigh is given by Hansen (57). _These features
have amplitudes on the order of a meter. Tidal variations in ,this same region, |
while not quite as large as those found elsewhere, are nevertheless of consider-
able size, i.e., of the order of a meter also. This is indicated in Figures 23 and

24, where the certain tidal components are seen (51, 53). This region is also a
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reasonably attractive one from the standpoint of some of the practicalities of

short-arc tracking. Good advantage could be taken of lasers which are usually

available at Goddard, and possibly also at SAO.

An unusually useful system could be obtained by adding lasers at Bermuda
and at a Bay of Fundy site chosen to be on the same meridian as Bermuda and as
far north of Goddard as Goddard is north of Bermuda. This configuration is
ideal for precision, short~arc tracking of GEOS~C. This can he seen readily
from an inspection of Figure 35, Lasers having 10 centimeter accuracy capa-
bilities will, when located atf these sifes, make it ppssible to defermine the alti-
tude of GEOS~-C with relative accuracies of the order of a meter or better over
a considerable portion of the region defined by the tracking sites at Goddard,
Bermuda, and in the Bay of Fundy. A fourth lager at SAQ would provide the im-~
portant checks on the instrumenffal biases by providing the redundant information, It
would also be most valuable in connection with reducing the .impact of the c.loucll
cover problem., As indicated above, this configuration has the important advan—
tage of utilizmg the fixed experimental lasers which are often available at God-
dard and possibly also at SAQ. This has the practical effect of bringing into
action one or two additional lasers and hence increasing the total effective

complement correspondingly.
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2. Gulf Stream Meander Studies

.. The altimeter tracking patterns are also good for observing the
Gulf Stream meanders in this_ region.' ‘Shown in Figure 361are earface tracks of
the 65° orhit with6.3° daily“specihg which j‘sra;ms ob‘th-tneci i.r:the earlte?t' discussion.
It is seen that the northward and southward goihg tracks cross the two principal
branches of a typloal Gulf Stream meander nearly orthogonally, prov1d1ng almost
ideal geometry for studytng the behavior of these interesting featuresa Each

. i ) o O

ground track seen in Figure 36 Wi]l. "oe followed'four days later byone removed
just one degree from it, hence it will -be possible to observe each feature once
every four days, This frequency is“well hiatohed to the obgervational needs of

a Gulf Stream meander experiment, 2s can be seen from inspection of Figures

27 and 36 (57). The mean wave length of a meander is often of the order of 300
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kilometers, as was indicated above in the discussion associated with Figures
26 and 27. A typical meander moves a dlstanee equal to xts own ane length in
about a couple of, months 'ThlS mterval might be thought of ai a characteristic

time constant Whlch can be assomated w1th the Gulf Stream meanders in this

sense. Obeervatione eve'ry '-four.- days are w‘eIl sﬁited fc':r a Gulf Stream meander

r),“’".—

experiment. In fact observatlons every ten days or so. would be most welcome,

S

as Hansen has already pomted out (57 ) 'I‘hls also allows a margm for gaps in
the cbserving program thh mlght be due- to such thmgs as weather conditions

or gperational facto;:s .

Similar studies. of the Kur_o_e;_hio 'ou-rt-enté,EOuld be conductedf by means of

lasers similarly j;jlaoed in Japanand n_earh'j i_el'a:nds ench as Two Jima, say.

A. Tidal Stidies =
T1da1 studles can also be conducted in such reglons by means of
short-arc trackmg “Once éach’ day the GEOS-C alt1meter satelhte ground track

passes through or very close to the Goddard- Bermuda-—Bay of Fundy tr1ang1e as is
1ndicated in Flguree 36 and 37 At least one of the northbound tracks of the type

_\E,A,,' a..f -

seen in Fig‘ure 37 for exa_mple, would occur each day. TheSe tracks are nearly
""-§ S 3 ’:;\. LY ?‘5-? e e e SRR v v e o

orthogonal to the co—range lmes of the seml—dlumal tide as can also be seen

'from Flgure 37

sl e S
Gl R I LI S

vervy o Southbound. tracks, nearly parallel to the .co-rarige lines, also occur daily.in

usefal:locations.. The orbit:selection worked ot for- GEOS-C in the-abave discussion

T3



.. ‘Figure 37.:“Theoretical tides-of Atlontic Oceany Full lines:
co-fidal lines referred fo moon-transition through meridian of
Grw., dashed.lines: co-range-jines of the. semi-diurnal hde,. R TERT
M2 in m (accorchng to Hansen).

5 H

G e g

has the property of movmg about 10 5 degrees each day relatlve fo the moon, A

T JREIE PESt AT T T T R S R S TS T

complete cycle of the sem1 dlllI“’lB.] lunar t1de can thus be observed by GEOS-—C

P

A2 i LR TR RS T RV Y v PRCERPE R A B Sl i D,

about once every 17 days. The da11y observatmns of GEOS- C in the Goddard-
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Bermuda—-Bay of Fundy trlangle would thus occur about 10.5° apart 1r1 thls cycle,

I

and hence provide ideal data for sampling this important tidal component. The
intervil between 'one-day and ‘the next can bethotightofas correlponding'to bt over

. two-thirds-of an hour ih termsiofthe sémitdiivnal-cydles Satellite-to-satellite
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tracking may alsc be useful when combined ;with pr.eci_sion tae.r tracking in the
Goddard-Bermuda-Bay of Fundy triangle in making ob_servations in the neighbor-
hood of the amphidromic point in the North Atlantic seen in:Fig‘ures 23 and‘24a
Such a region could also be a good one in which to make the cross-over point -

. .checks which have been proposed by Stanley-(59),

“ ii. Earth Dynamics

The Goddard—Bermuda—Bay of Fundy trlangle also has other uses
in eonnection with the Earth Dynamics side of the Earth and Ocean Dynamic

»

Sateliite Applicatione i)rogram (4*-).

a. Gravimetric Fine Structure

Fine stfucturé in the gravity field should be deducible from
observations made in this general area, but perhaps somewhat away from the

immediate neighborhood of the Gulf Stream meanders.

"' B. Polar Motions and  Earth's Rotational ‘Raté Variations

Thé Bermuda-Bay of Fundy leg would be suitable’for obsery-
1ng polar motlon 1n the manner of the experlment conducted by Smlth (62) The
Goddard Bermuda and Goddard Bay of Fundy Iinka taken together would also
be usefal fo‘r a compamon experiment to obServe the Varlations of the earth' |

L

'rotatmnal rate,
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5. Altimeter Data Requirements

a. Gravifational Field Surveys

The altimeter survey conducted at the 6° resolution level would-
involve, as indicated above, portiong of the equivalent of some 4 days of orbit
tracks. Roughly speaking, some three days of "sea tracks" will occur, since the
altimeter will be over land about a quarter of the time, Agam, from the stand-
point of 6 degree coverage, redundant ieformation wiil be opta‘ined near the
maximum lai‘;itudee. Ae before, however, continuou.s. coverage will be useful, at
least to begin with. Acrcordingly, about 75 hours of altimeter ebserving will be

required for the 6° survey, and some 450 hours for the one degree survey.

Such a set of observing programs will provide the bagic data for gravimetric

geodesy studies leading to the shape of the geoid, for example. .

b. Tidal Analyses

These data will also be.of real value in-connection with a variety of
oceanographic investigations including global tidal studies. .

Addltlonal types of observatlonal data sets whmh would be useful for tldal
3 T I RN E PRI 2

studles can be conmdered 1n terms of the earher dlscussmn assocmted w1th

F1gures 23 24 and 37 say, and the thlnkmg about the GEOSHC orb1t
As pointed out there, the moon moves some 10.5 degrees per day relative

to the GEOS- C orbit of the type contempated, and hence a cycle of the semi-

diurnal lunar tidal component could be observed in about 17 days.
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.The durations of the ‘northbound and southbound tracks of interest here
would each be in the . 10—m1.nute range. Hence, about twenty-mmutes a day of_
observing, or a total of some six hours in all would give data for a tidal studyl
of this type Repet1t1ons of this type of study in dlfferent reglons such as the
PE.lelC and Ind}.an Oceans and at dlfferent tlmes would be 1mportnnt. In other
Sutuntlons, ‘a‘ls‘ manj'r as five passes per day mlght provd 1:5 be usnful In such
cases a total of about flfteen hours Would be requlred fon a study.‘ Some half
dt-)zen—lsuch tldnl nxperlnlents would involve approxxmately a hundred hours of
altlmeter observmg tlme. 'Much of th1s mlght be in add1t1on to the 75 on -no -
hours for the 6° gemd survey It would be' 1ncluded in thd 450 houns on soineeded

for the 1° geodetic altimeter survey.

c, Gulf Stréarn Studiés.

B Th,e altindeﬁnr observai:idn fracku desc-ribéd. aldd.ﬂre. 1n com;e.ction. ‘
with the regional tidal study in the Western Atlantic would alsn‘néf\rre-ag the .
basis for a-study of the Gulf Stream meanders. .

From the standpoint of the geoid study, the 6° and 1° resolutign observations
could be obtained anytime, in the sense that the gravity fieldis invariant over the
lifétime;, and ‘to within the accuracy; ,of: the GEOS- C. exneriment.' “Studies of tides
and the Gulf Stream meanders requix:e.obsefvations;ma,de in specific sequences
as indicated in the.above disc;ussion,. Hence, these -sliould;be, ‘given first priority
. in the scheduling except, of course, for observations. of short-lived phenomena .
such as those associated with tsunamis and storm surges. Observations designed
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to fill in the remaining regions required to complete the gravity surveys could

then be scheduled so as to utilize the next increment of spacecraft capability.

d. Cf;llibrétion
The altimeter calibration, which would precede Studies discussed
abové, could also be conducted iﬁ the Goddard-ﬁermudé—Bay of ‘F;undy traingle
region in areas éwaf from.the meanders, near the coasts where ground truth is
available; The ;alibration pagses might in time be combined with the program to
obserfe tides ‘and meanders.. Calibration and validation may thus involve c;nly a
smail utilization of the 'GEOS-C resources relative to that which is envisioned

for the scientific investigations, per se.

The Goddard-Bermuda-Bay of Fundy triangle can thus be used for altimeter
calibration, Gulf Stream meander analyses, tidal stu-diesr, ahd 'p‘c;'lar motion and

UT 1 observations,

IV. A SET OF SATELLITE-TO-SATELLITE TRACKING STUDIES:
"% A. Infroduction®
- Tt.is presenily plannsed to conduct satellite-to-satellite tracking experi-
iments with‘GEOS~C and-ATS-F, and with Nimbus~-E and ATS$-F. - Consideration
is-also being given t6 equipping the Atmiosphere Explorer and Small Astronomy
“Satellite= C. (SAS-C)-8pacecraft with the capability: for condiucting satellite<to-*
satellité tracking operations with- ATS-F.  Such capabilities will be of value from

" the standpeing of the Gravimetric Geodesy Investigation and;:in the case of the:
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~ Atmosphere Explorer spacecraft, for example, for operational reasons as well
as is indicaj__aed: in-:referepe_esl.% -thrgug\h 65, ._,'I'h\e_‘..qperetio:qsl,qus_\ideretiens

Whlch are of spemal mterest 1n connectlon W1th the AR prdgrani are d1scussed

in reference 65, The present discussmn will conmder in more. detall the aspects

J<-- CTTRTE M

havzng to do w1th the gravitatlonal f1e1d studles. o E e

It is presently estimated that the ATS/ GEOS and. ATS/ Nlmbus trackmg

«ﬂ;. 2

systems w111 ha.ve accuracles of about 2 meters in range and 0.035 centimeters

per second in irange rate. It wilt be assumed for the purposes of this d1scussmn

-

that the hnks betWeen AE and ATS and SAS-C and A'TS will have similar char-
acterlstics. ‘The AFE and SAS—C systems may turn out to be slightly less sccuh
rate, perhaps by a factor of two, than the N1mbus and GEOS systems for tracl;mg
through A I‘S. For this discussion however, 1t is convement to assume that all
these tracking systems w1ll be s1m11ar, smce thls fac111tates the understandmg
and companson of the potentlal contr1but10ns of the d1ffere111: missions.,
Estimate;_i. orbital paremeters‘pt the low ;i;titude satellites mvolved are

given in Table XII. In some cases these are not firm. GEOS-C for example

may have an ificlination in or near thé 40 to 80 “degree region. The values shown

fer_the elt_itui;les of the Vetmospheré.;Exblore\rski‘Nhen they are in their nea,rly—
cu'cular, low-altifude orbits are used for plarming purposes Declsions -will ’

probably be made during each flight mission concerning the chfferent helght

ranges which will actually be surveyed from the circular orbits in the 700 to
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o T Table XII

+.Orbit Parameters Planned or Considered for Spacecraft Proposed

~ for Satellite-to-Satellite Tracking Experiments

: Afltitude s Inclination
Spacecraft (kilometers) (degrees)
Nimbhus-E 1116, circular i00
GEOS-C 1000, circular 115
SAS-C. Co . 550, circular : R 2
AE-C 700, circular 65

600, circular 65
500, circular 65
400, circular S 65
300, circular 65
250, circular 65
150, elliptical* 65
) ' 120, elliptical* . 65
AE-D 700, circular 100
' ‘ ‘ 600, circular 100
500, circular 100
400, circular 100
_ _ 300, circular 100
TS i 250 cireular S 100
150, elliptical* 100
120; elliptical* ~ = |-~ 100
AE~E 700, circular 20
600, circular ., . | . -« 20
500, circular : 20
G ot o | 400, circular . - : 20
300, circular 20
s b e il Lo oo | 280y circular .. . | .- 20 .
1 o -7 150, elliptical* : 20 -
. <120, elliptical* | = .- .- 20 ..

*Parigee-altitude,” T S L B P B R
Apogee altitude ~ 4000 km
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. 250 kilometer altitude range toward the end of the spacecraft's active lifetime.
1 Nevertheless certain kinds of observations can be made about-an ensemble of

First, the array of different inclinations should be of real value; For
-gxample,. range rate data,will be taken aver a given feature by satellites travers~
. -ing at different, angles, in the-orbits having different inclinations.: If is.anticipated

.. that observable effects will frequently occur in two such distinct orbital paths
~.when they pass. over a given-geographical region. Evidence of this type will be
.+ belpful in sorting out real physical effects from;others;which may be associated
in.some way with the analytical process. - This point is discussed in reference
-, 86, and in reference 40-in. connection with Figure 11. It is seen that a variety of
inclinations will be available ranging from within 3°.of the equator-to within 10°

of thB pole.

.. When satellites pass over regions having the same ground track but at -
. different altitudes, it may be possible:to learn more about the anomalous regions.
.» For-example, information may be bbtained about the horizontal extent and/or the
. depth of the features involved. . This point is discussed further. in reference 40

in connection with Figure:11. - . . wio:. i -

Two cagses are of Speciétl interest here, GEOS-C may I:;e in an orbit having
+--an-inelination of 115°, or 662 retrograde; which corresponds to.the first Atmosphere

‘Explorer at theinclination of 65%. - These orbits will, in geheral, have ground

B U I A s N
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tracks ovér a given region which occur'at diffétrent 'height's, ‘and which areé tra-
versed in opposite’ directions. ' Nimbus-E and the sécond' Atnrosphere Explorer,
AE-D, will both have the 100° inclination, ‘but again will‘orbit af widely ‘different

altitudes.

The spatial regoluticis obtainable with these spacdécrift in the sénde 8f ‘the
discussion of Section III, A, 2, associated with Figure 13 are indicated in Table
XIII. ‘Also shown here are the values for the resolution-nodal longitude ‘interval,

"\, i.e., the spacing between equator crossings which corresponds to the ‘spatial
resolution, r, and the inclination, i, in the manner-indicated in Section III;'A, 2,

i.e., A = r csc i~ For a GEOS-C at a 40° inclinstién, bit otherwise having the

same characteristics as those indicated in'the Table, the rasolution nodal longi-

tude interval would be about 8.9° for example. = 7 P DT ekle e

Gravitational fields which have heen derived recently on the bads-i.s-‘of a
combination of satellite data dnd gravimetry: liave spatial resoliittons of'11° or
. 80, or about 1200 kilometers near the 'equator. The géoids assbciated with'them
"‘are considered to be reliable to about three meters.’ It is éstimated that the ‘in-
formation content of these fields which corresponds to spatial Fésdlutions finer

than about 18°, or about 2000 kilometers near the equatdy, is derived largely

from the surface gravity data. (Cf. reference 18.)

It is seen fromxTable XIII that the satellite~to=satellite tracking éxpérinients
which are contemplated offer the ‘prospeét of improving the spatial résolution

by factors in the range from about half to one order of magnitude,
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Orbit and Gravimetric Geodesy Experiment-Parameters for Spacecraft -

Proposed for Satellite-to-Satellite Tracking

s#cecr;ﬂ | Attitude | Inclination
p o) (kilometers) | --(degrees)

" spatial | Resolution Nodal
Resolution | Longitude Interval
~ {degrees) " (degrees)

"V Nimbus-E | - 1110 © | 100 g Y
GEOS-C . | 1000 115, |, BUT B3
SAS-C 550 3 4 90

AE-C 700 65 4.5 5.0
600, . | . 85 . 4. .1 a5
500 65 3.5 4.0
400 .. 65 /. 3 L. 3.4
300 65 2.5 2.7
250 65 2 2.4
150« | . 85 .| 1.5 - 1.6
120 * 65 1.2 | 1.4
AE-D 700 100 4.5 4.6
. 600 . o IQO T . 4“ RS 4,2 .
500 100 3.5 3.6
400 - 4 1000 | .3 .0 . - o831
300 100 2.5 2.6
250 100 2 e 22
150% 100 1.5 1.5
120% 100 1.2 1.3

| AB-E STe6 200 ) 45 0 132
: . 600 & 20 | 4 12.0
5000 1Y 200 | 3.5 1 10,2 0

400 - | 20 S I ‘ 9.0

8000 )T v 20 2.5 R N B
250 20 2 6.3
150% | 7 20 R - N I S
120% 20 1.2 . 3.6

“Perigee Altitude



The geoids associated with fields such as 1 through 5 in Table I are esti-

mated to have accuracies on the order of 15 meters (69),

The latest solution in Table I, SAO 69 (I}, when truncated at 8,8 does not
represent an iniprove’ment over its predecessor, th‘e‘lSAO M-1 field, E'lecept for
resonant terms, the improvement fouﬁd in the latest solut;‘dn due to the satellite
data is probably found chiefly in terms of the 9th and 10th degrees, some of which
are poorly determined (18). The geoid associated with the general poﬁign of the
latest solution as it reflects satellite data is estimated to be somewhat beﬁ:er

than fifteen meters but perhaps not greatly so.

Comparisons of the latest field with results obtained using recent gravi-
metric data indicate that uncertainties of five to seven meters are to be expected
when the gravimetric data are relatively less dense and accurate (38). The

characteristics of these results as they reflect satellit‘e_- data, per se, are probably

still less accurate.

It is estimated, thus; that the contribution of the sﬁéllite dé.ta to the most
recent fiélds in Table I correspoﬁds to a geoid ‘accuraé_y"_bn the: order of ten
meters, say, which in turn corresponds 1;0 somé two ai‘.;c-:"li.a balf milligals. Ac:j-
curacies comparable to t“hi's should he dbtainable from“:’.‘?ft)o kilometer altitude
orbits with the ATS satellipefto-satellifé, trackihg,sysf;eﬁx using 20-second
integration times to achieve accuracies of the order of 0.15 to 02 ‘milli'm.ei.:érs

per second. (Cf. Figure 13 and Reference 42.) A 30~second integration time
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would give a tracking capability on the order of 0.1 millimeters per second . .
which corresponds to an acceleration resolution capability of the order of 1.5-
milligals in terms of sensing mean anomalies in squares about 5° on a side for

a satelhte at an altltude of 700 kilometers (42) In a‘eeoee,f t:he:‘ uitimate renge
rate mteg;,rratlon mterval would correspond to the tzme requlred‘ to pass over ‘or
traverse the square. A further improvement of perhaps a factor of‘two;;in track-
ing accuracy and the corresponding sensing capability might be achieved in this
way. On this basis, the Atmosphere Explorer, in an orbit at about 250 kilometers
altitude, would haveep acceleration resolution capability of the order of half a
milligal. This may be somewhat optimistic, hence it will be assumed, more
oi)nservatiVely, that the acceleration resolution capability of the Atmosphere -
Explorer in a 250 kilometer orhit W111 be on the orderofa milligal. The acoeler-

atmn resolutlon capablhty of GEOS—C and

.Nimbus-E is estimated to be on the order of a couple of milligals, anq the .
acceleration resolution of SAS-C.is-estimated. to be on the order of a-milligal -
and a half.. In making these various estimates, it was assumed in accordance -:
with Schwarz's finding that the sensitivities vary roughly as the recip.rocal of -

the- altitude in this general range (42, 70).

The estlmated acceleratlon resolutlons to be derlvable from the satelhte-
toﬂsatelllte trackmg results appear to be a 11tt1e better than those we have now

: from satelhtes however, the differences between the two kmds of estimates may :
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be no more than their uncertainties. Improvements of the order of perhaps a

factor of two in acceleration resolution will be looked for'in some cases.

Certain additional features of interest which are associated with these

différent contemplated experiments are indicated in the following discussion.

B. Nimbus-E
The Nimbus-E/ATS-F experiment is expected to be the first of the
satellite~to-satellite tracking experiments. As was indicated in the above dis--
cuggion, it will provide us with an improvement of nearly a factor of three in
spatial resolution. It will also, of course, give us our first experience with this

new type of data and technique.

The 6.6 bl—dally nodal longitude interval which is 1ndlcated in Table X
implies that some 27 orbital arcs of interest will be tra.ckable from ATS—F in a.
given position.: 'There is:both a northbound and a southbound pass associated
with each interval hence some 54 arcs will be. of interest. . The total tracking
interval will be approximately 54 hours. ATS will at first be at.94° west longi-
tude and later-at 35° east longifude. A second survey centered at the-eastern
longitude will involve another 54 arcs and anothei"fifty-four.s hours. Some fifteen
hours W111 involve overlapping coverage whlch should be useful for correlatwe
and corro‘boratlve purposes. In addltlon,l as ATS moves f;rom one locotioo to
another, satelhte-to— satelhte trackmg could provide add1t1ona1 data havmg dlffer—
ent geometrical characterlstws. In all some three such surveys, centered at about

94° west, 35° east, and 30° west, would be very valuable.
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Table XIV

Gravimetric Geodesy Experiment Parameters and Observation Regilirements

 for Certain Spacecraft Proposed for Satellite-to-Satellite Tracking %,

B ~ N o Dally O, b o, atifitadign
I B 2 v (sResolationd. Ridaily R
. Nodal Y Number of Number of.
Altitude | . Nodal ;
Spacecraft ooy Longitude of- el - ArEEY U Houdlt Per
(kilometers) Longitide
Interval Per Survey Survey
Degrees Interval .
(Degrees) (Degre,eS)._ R
Nimbus-E | 1110 6.3 | 66* | oL.B4 54
cros-c' | 1000 6.3 63 57 56
SAS~C " 550 907" SRR B N
*Bidaily - .0 L i . PR LRI .

The GEOS-C sateliitelorbit is ptésently envisioned to be somewhat lower
~“than the NIMBUS-E orbit. “This will offer a correspondmg mcrease m resolution.
Alsothe GEOS-C 'orbit will not be subJect to perturbatlons by control Jets In

addltron, ‘the -orbit of GEOS~C will Be known much ‘more accurately, mdependently

of the- satellite~to-satellite trackmg, through the use of the Very accurate geo—-

- KPR fo

detic trackmg ‘sydtems- which it will employ Hence, 1t is the 1dea1 satelllte"on

which to really evaluate 'the" sate]l;te to-satelhte trackmg system as was pomted

out int ' refebence 67 in which this experlment was ﬁrst proposed. The GEOS—C -
satellite will, in addition, as was pointed out above, also provide data at another

inclmatlon. Observatloual requlrements worked out along the lmes mdicated in

the discusslon of the NIMBUS—E case are 1ndlcated m Table XIV

RN R
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D. SAS-C

The SAS-C spacecraft, orbiting at a relatively low altitude, will afford a
still further incréase in spatial resolution and a gain of nearly a factor of two
in acceleration resolution. ,SAS-; C will also add data at still another inclination.

Agaij;,, observational requirements are listed in Table XIV.

E. The Atmosphere Explorerls
The.Atmo.éphere Explorers will provide a niaarked increase in the capa-
bilitées for both Spé.tial resolutibn and accelefation resolution. They will also,
as VWé.s pbinted ahove, provide data at three incliﬁations, and at a ﬁumber af
heights for each of these inclinations. This will enhance considerably the value

of this phase of the Gravimetric Geodesy Investigation.

1

o Grawme}tnc TG@?@‘?TSY Investigations which can be performed with Atmosphere
Explore.? by‘p}gm”qf ;slg.'ggllitejtofsatellite tracking are of two types, those as-
sq_c?'_iated with thg_ g_llip’gic prbits and thos_g agsociated with the circular orbits. .-
Pfggenﬁ,plvaxgs call for an z_allip_t_iq orbit for AE-C having an inclination of 65°, -
an ‘a_pqgee‘ ‘qf abou; 40"904 km., and a perigee heighi_: which will usually be about
150 km, gl_:d:yvhi‘ql\l. Wi}l_pe Jowered to about 120 km for. one day in.each two
weel_&_g:. 'I,‘.'txeﬂcirt.:f'ﬂa‘r g__:_cbits___wli,_ll bg at sevel"afl he;ghts ranging from about 250
to 700 km N

For the éliipﬁe gaéé the orbit_havirig a perigee of .about 150 km will be in |

-

existence long eno‘ugh to perinit a surVey. to be made. The altitude of about 150
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km: corresponds. to.a: spatial resolution of 1.5 degrees in the sense of the dis-
cussion of Section III, ‘A,.1, which is associated with Figure 13. -The planned. -
orbit ig .close to one which will have a daily nodal separation of 1.6 degrees.
This will be the appropriate spacing for the case in which the pet'igee is mear
the equator, Which is one of the possibilities now under consideration, If the

;(,,. N ; Y P

per;gee ylS far from the equator, the survey can be cotnpleted w1th a‘corresl:»ond—
.in.gly target' -nodal Jspecmg- atnd w1th Por‘t:espondmglyb fewer passes than ts mdt- |
-+ A'glight increase in-the period- of the'orbit, of the order of a minute, and a-
corresponding increase:in apogee height, of the order of a2 100 km, will give a:
daily nodal spacing of 1.6 dégrees. This orbit, then, will permit the making of
a survey Whlch would prov1de the COVerage to correspond {o the lowest altltude
reached by the AE—C spacecraft in such a case. The altltude regmn between 150
a.nd 11130)km would be of 1nterest ThlS would pernnt correlatmn of results w1th
those obtame(;l from \all the-satelhtes to be tracked from ATS i e.r, Nlmbtls E |

AW

GEOS—C and SAS— C. ‘ The AtmOSphere EXplorer w111 be below 11 10 km over a
true artexttsly range of about 142" or for about 34 minutes per rewlutmn. Some
| 100 ares-under ATS when it ig.at.a given location would suffice to complete a
survey at-the 1.5 degree resolution’level. Roughly speaking, one pass every
other:day during the eight months or so-when AE-C:ig in the elliptical orbit would

be sufficient; ‘An additional eighty passes would complete the survey if ATS.

would move between 94° west:and 35° east during this period. - Thus a total of -
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some 180 passes, or less than one pass per day on the:average, would suffice-
for the entire longitude history of ATS-F. The corresponding-fracking time.:
requirements are about 57 hours. for the 100 passes and 105 hours for the 180

passes.

N ¥

If the perigee is at the equator, each axrc which is of mterest can be observed
from ATS during one contmuous mterval If the perlgee is at the pole, the arcs

of 1n'berest would be observed in two equal portions, when the ATS is on either

side of the AE-C orbit. When perigee occurs in an intermediate position the
arcs of interest would be observed from ATS in two unequal time.intervals oc-
curring when ATS is on either side of the AF orbit. The total observing time.

would be about the same for all these cases, i.e., about 105 hours,

The dipping down of the perlgee to 120 km altltu.de prov1des a spatlal resolu—
tion that is even fmer 1.e., about 1 2° In view of the 11m1ted tlme durmg whmh

et} rA

the perlgee w111 be at these low altltudes, however, a complete survey would

i I g - H > f . MRS TS -_ e d ARG ,\ '-'_""i

LA

probably not be practlcal Nevertheless the obServatlon of port:.ons of the orb1t

it R b

at .thielireigh’r. from ATS et d1fferent 1or1g1u1des‘wou1d be of great 1n{:eresf
- St I S T T AR S S o L N T

The circular orbits planned-for the ~A-E_Amissionrs would also be.of great .
value irom the gravimetric geodesy standpoint.. There is.interest inimatching -
the nodal spacing at the equator to the spatial resolutionicapability associated. .

with:the altitude.. If-is sgen.from' Table XV:that the desiredsresoclution nodal. -

longitude: intervals de not correspond too well with the.daily-or bidaily nodal: ¢
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Table XV

. Gravimefric Geodesy Experlment Parameters for Certaln

- Poss1b1e Atmosphere Explorer-C Orbits

: s o Daily or Bidaily
Altitude Resc.rlutmn Nedal | * Nodal Longitude
) Longitude Interval ‘ , :
. .(kilometers} - (Degrees)- Interval
e e CRress)  (Degrees)
700 , . SRR F S L
600 4.5 6.9
500 4.0 : ‘ .8
400 : . 3.4 , L 2.9%
300 - 2.7 . . 6.9
250 24 : 2.9
*Bidaily

longitude intervals associated with the orbits at the nominal altitudes at" the 100

kilometer intei'vals.

The nodal Spacmg could‘ bta matched to the tlesued spaclngs more closely by
modlfymg somewhat the perlods and altitudes listed in Table XV. The orbltal
altitude para,meters in or near the range from 250 to 700 km whlch are close to)
those consmlered for the‘ AtmOSphere Explorer C and Wh1ch would also y1e1d the‘
nodal separatm;ns that tlan form the basw for good gralﬁlﬁetﬁt: geodésy rexperlﬂ—
ments are indicated in Table XVI. It is seen that only relatWely small changes

from the nominal orbits would suffice in most cases.
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Table XVI

Experiment Parameters and Observation Requirements for Certain Possible

Atmosphere Explorer-C Orbits Which Would be Valuable for the Gravi-

metric Geodesy Investigation

Resolution Daily or '
Bidaily : Number of | Number of
Altitude Not:lal Nodal Numbe rof | Number of Arcs per | Hours per
. Longitude . Arcs per | Hours per o o
(kilometers) Interval Longitude Surve Survey 45 45
decrees Interval Y Survey -| Survey
(deg ) (degrees)
723 5.1 5.1% 63 45 35 17
570 4.4 4.4 73 50 41 19
460 3.7 3.7 87 58 49 22
405 3.4 3.4% 94 62 53 23
240 2.3 2.3 139 88 78 33
150~ 1.6 1.6 100 bY
4100 )
*“Bidaily

The approx1mate values shown in Table XVI are suggested for 111ustrat1Ve

purposes.

‘.

It is antlclpated that further study of the matter of 0rb1t selectlon

from the standpomt of the atmospherw research requ1rements and the gravr—

She

HlBtI‘lC geodesy crlterla could reveal orblt parameters whlch would meet the

atmospherm expenmenters needs and at the same t1me make it poss1b1e to

conduct valuable gravimetric geodesy expenments. ‘

It is seen from Table XVIthat on the order of 60 to 140’ passes of Hearly

half an orbit in length would be of interest at the heights shown there. The AE
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satellite will spend only some 10 or 30 days at each of these altitudes, however.
Thus, from two to fourteen passes per day would be required, which may be be-
yond the resources available. In such a case, a more limited survey could be

attempted. -

A useful survey could be conducted over the region lying within"al:{out 45° :
of the sub-ATS region. ,’I-‘his would involve only a much smalle;i' nﬁmbef: V‘Qf arcs,
and each one would not be nearly so long as in thé case of the complete survey. .
Hence orllly_.a fraction of the observing time would be required for such a limitéd:
sﬁrvey. Such a survey would correspond reasocnably wéll to the type of—expe;eri‘—

ment which was conducted in connection with the discovery of the lunar mascons,

The satellite-to-satellite tracking system for use.between AE and ATS will
have an accuracy of about 0,035 cm ber second for a ten second integration
interval. .This corresponds to an acceleration of about 3.5 milligals. It is .
planned that the accelerometer to be used in connection with the atmospheric
density F;xperimégts will operate over:two res:oluti_on. ranges while the experi~
ment ig in progress. These extend, respectively, from 5 % 10-% to 1\0"-6 g, and
from 10 " to 2 x 10 ~° g. It appears; then, that the accelerometer resolution

will be adequate for the needs of the Gravimetric Geodesy Investigation.

~ Some of the parameters of geodetic interest associated with the,spaCecraft :

discussed here are summarized in Table XVII,
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Table XVII

Parameters of the Geodetic Interest Associated With the Spacecraft

o o Approximate Order of
it Inclination Altitude Spatial Acceleration
Spacecra (degrees) | (kilometers) Resolution Resolution
) (Degrees) (milligals)
Existing set . S N 18 o 2.9
of Spacecraft
Nimbus-E 100 - To1111 6.2 2
GEOS~-C - 115 1000 BT 2,
AE-C 65 725 4.6 1.5
SAS-C 3 550 4 1.5
AE-C ' 65 240 2 : 1

V. MANAGEMENT CONSIDERATIONS

It is expected that a general solution for the geopotential, including the
ISAGEX data, can he obtained by the time the GEOS~C data become dvailable, *
It is anticipated that'the first analysis of the GEOS-C datd will be achieved *
within a yedr after they are received. The analyses will continue ééfféépbﬁdin;gly
as additional data are provided. 'Reports of results of the anilyses and solutions”
will include new representations of the Earth's gravitational field:

- . . . ) e S .
- . . R g - -

It is a pleggu_rg to aclmowledge many helpful discussions with a number of
individuals at Goddard and othér instituti;ms includiné ﬁaaﬁy in éoﬁﬁeétion v-vith
satellite' geodesy whose works are cited in the reférences hnd & niurber in“ton-
nection with. oceanographic studies including Drs: W. S, Von Atx, C. Bowe; and’
K. Hasselmann of the Woods Hole Oceanographic Institution, Dr. K. Bryan of the

o4



NOAA Laboratory, Princeton, Drs, J. R. Apel B. D. Zetler and D. V., Hansen of

the NOAA Atlantlc Oceanographlc and Meteorologmal Laboratories, Drs. W. H.

Munk and M C. Hendershott of the SCI‘lppS Instltutlon of Oceanography, Ta’ -Jolla,
California, Dxr. W. J. Pierson, Jr. of the New York Umversﬂ:y, Dr. W. Sturges
of the Umversny of Rhode Island Dr M. Talwam of the Lamont Doherty Geo—

loglcal Observatory, and Dr. B. Yaplee of the Naval Besearch LaboratOry
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